Kalopanax septemlobus, commonly named the castor aralia tree, is a highly valued woody medicinal tree belonging to the family Araliaceae. Kalopanax septemlobus contains approximately 15 triterpenoid saponins primarily constituted of hederagenin aglycones. Hederagenin is a representative precursor for hemolytic saponin in plants. In the present study, transcriptome analysis was performed to discover genes involved in hederagenin saponin biosynthesis in K. septemlobus. De novo assembly generated 82,698 unique sequences, including 17,747 contigs and 64,951 singletons, following 454 pyrosequencing. Oxidosqualene cyclases (OSCs) are enzymes that catalyze the formation of diverse triterpene skeletons from 2,3-oxidosqualene. Heterologous expression of an OSC sequence in yeast revealed that KsBAS is a b-amyrin synthase gene. Cytochrome P450 genes (CYPs) make up a supergene family in the plant genome and play a key role in the biosynthesis of sapogenin aglycones. In total, 95 contigs and 110 singletons annotated as CYPs were obtained by sequencing the K. septemlobus transcriptome. By heterologous expression in yeast, we found that CYP716A94 was b-amyrin 28-oxidase involved in oleanolic acid production from b-amyrin, and CYP72A397 was oleanolic acid 23-hydroxylase involved in hederagenin production from oleanolic acid. Engineered yeast co-expressing KsBAS, CYP716A94 and CYP72A397 produced hederagenin. Kalopanax septemlobus CYP72A397 is a novel CYP enzyme that synthesizes hederagenin aglycone from oleanolic acid as a single product. In conclusion, we characterized three genes participating in sequential steps for hederagenin biosynthesis from b-amyrin, which are likely to play a major role in hederagenin saponin biosynthesis in K. septemlobus.
Introduction
Saponins are structurally diverse natural compounds consisting of aglycones (triterpenes or steroids) and sugar moieties. Saponins in plants are generally related to defense systems and have been used as active phytochemicals of folk medicines because of their valuable pharmacological effects (reviewed in Francis et al. 2002 , Sparg et al. 2004 , Moses et al. 2014a ). Additionally, a wide range of areas including food, cosmetic and pharmaceutical products utilize saponins (Güçlü-Ustündag and Mazza 2007) . The synthesis of saponins begins with an acetylated Co-A molecule via the mevalonate pathway. Diverse triterpenoid structures are formed from the cyclization of 2,3-oxidosqualene catalyzed by various types of oxidosqualene cyclase (OSC). Cytochrome P450 (CYP) converts triterpene skeletons into sapogenins through oxidation, and UDP-glycosyltransferase converts sapogenin aglycone into saponins via subsequent glycosylation.
Hederagenin saponins are present in some plants, and these molecules possess many biological activities, such as hemolytic, antiviral, antimicrobial, fungicidal, molluscicidal, feeding deterrent, antimutagenic and cytotoxic activities (Chwalek et al. 2006) . Hederagenin saponins are rich in Hedera helix, from which the name was derived (Hostettmann and Marston 1995) , Chenopodium quinoa (Woldemichael and Wink, 2001 ), Akebia quinata (Jin et al. 2012) and Kalopanax septemlobus (Hyun and Kim 2009) . Hederagenin was identified as the active compound in the A. quinata extract and was determined to have potent antidepressant qualities (Zhou et al. 2011) . Akebia quinata extract enhances the signaling of central monoamines via the inhibition of extracellular monoamine reuptake, including serotonin, norepinephrine and dopamine (Jin et al. 2012) .
Kalopanax septemlobus (= K. pictus) in the family of Araliaceae is a deciduous tree that grows in East Asian countries (Japan, China, Korea and the Russian Far East). The stem bark of K. septemlobus has traditionally been utilized to treat diabetes mellitus, rheumatoid arthritis and neuropatic pain (Sano et al. 1991 , Park et al. 1998 . Phytochemical studies of this plant have demonstrated that bark tissue contains numerous oleanane-type saponins primarily consisting of hederagenin glycosides. Many saponins (kalopanaxsaponin A, B, C, D, E, F, G, H, I, J and K, sapindoside C and septemloside III) have been isolated from the leaves, barks and roots of K. septemlobus (references cited in the review article by Hyun and Kim 2009) . Most are either the monodesmosidic or bisdesmosidic form of hederagenin or oleanolic acid (Fig. 1) .
CYPs have monooxygenase activity, catalyzing the oxidation of organic substances in a wide range of biosynthetic pathways. CYPs play a key role in the production of sapogenin (aglycone portion of saponins) (Mizutani and Ohta 2010 , Nelson and Werck-Reichhart 2011 , Miettinen et al. 2017 . Since CYPs also exist as supergene families in the plant genome, it is difficult to identify the enzymes responsible for the production of specific sapogenins (Augustin et al. 2011) .
Hederagenin (3b,4a)-3,23-dihydroxyolean-12-en-28-oic acid) is the aglycone portion (sapogenin) of saponins in plants, which is synthesized from the C-23 oxidation of oleanolic acid (Fig. 1) . In the oleanolic acid biosynthesis pathway, b-amyrin is oxidized in a sequential three-step oxidation at the C-28 position by a single CYP enzyme to yield oleanolic acid through erythrodiol (Carelli et al. 2011 , Fukushima et al. 2011 , Han et al. 2013 , Khakimov et al. 2015 , Moses et al. 2015a , Fiallos-Jurado et al. 2016 , Jo et al. 2017 , Miettinen et al. 2017 . Only one study (Fukushima et al. 2013) has reported that Medicago truncatula CYP72A68v2 catalyzes the conversion of oleanolic acid to gypsogenic acid via intermediate hederagenin formation. Biazzi et al. (2015) proposed that the biosynthesis of hederagenin by CYP72A68v2 could be the result of the residual hydroxylation activity of the enzyme on the oleanolic acid substrate. Unlike M. truncatula, some plants primarily contain hederagenin saponins and do not produce gypsogenin. The saponins of approximately 49 plant species, including K. septemlobus, primarily consist of hederagenin aglycone (Henry 2005) . Thus, we propose that plants might express a unique CYP gene that catalyzes the biosynthesis of the hederagenin aglycone into a sole as yet unidentified product.
Next-generation sequencing (NGS) technologies have efficiently facilitated the identification of useful genes (van Dijk et al. 2014 ). Many studies have attempted to identify triterpene biosynthetic genes in plants using the NGS system (Seki et al. 2015) . Although K. septemlobus has high economic and pharmacological value, there are no reports of genomic or transcriptomic approaches. In the present study, the Roche GS FLX titanium platform generated 547,800 reads in the cDNA library of young K. septemlobus plants.
In this study, we functionally characterized one OSC gene (KsBAS) and two CYP genes (CYP716A94 and CYP72A397). Heterologous expression of genes in yeast revealed that KsBAS is a b-amyrin synthase, CYP716A94 is a b-amyrin 28-oxidase for the production of oleanolic acid and CYP72A397 is an oleanolic acid C-23 hydroxylase for the production of hederagenin. CYP72A397 is a novel hederagenin synthase as a single product in K. septemlobus, and the first non-legume CYP72A subfamily enzyme involved in triterpenoid biosynthesis.
Results
De novo assembly of the K. septemlobus transcriptome A cDNA library was constructed from mRNA extracted from whole young K. septemlobus plants (20 cm in height), and was sequenced using the GS FLX Titanium platform. In total, 547,800 reads containing 212,533,493 bp were generated as 371,784 (67.87%) reads, with an average length of 388 bp ( Table 1) . The 371,784 reads were subsequently assembled into 17,747 contigs and 64,951 singletons. The longest contig was 7,551 bp and the average length of the total contigs was 780 bp. Of the 11,747 contigs, 62.7% were between 500 and 2,000 bp in size. The singletons ranged from 50 to 922 bp in size, with an average length of 404 bp. The contigs were matched with KEGG (the Kyoto Encyclopedia of Genes and Genomes), UniProt, and NCBI Nt (non-redundant nucleotide database) and Nr (non-redundant nucleotide protein database) using the BLASTN and BLASTX algorithms. Overall, 51,580 (62.4%) unigenes were annotated (Supplementary Table S1 ). The transcriptome sequence data have been deposited in the NCBI Short Read Archive (SRA; http://www.ncbi.nlm.nih.gov/ sra/) under the accession number SRR1612394.
Mevalonate pathway genes upstream of saponin biosynthesis
Triterpenoid saponins originated from five-carbon isoprene units via the mevalonate pathway. Genes that encode enzymes upstream of saponin biosynthesis were identified from acetyl-CoA acetyltransferase to triterpene synthase (OSCs) in the K. septemlobus transcriptome ( Table 2) . Squalene synthase and squalene epoxidase catalyze the first committed step and first oxygenation step for sterol and triterpenoid biosynthesis, respectively (Abe et al. 1993) . Five and six of the obtained contigs were annotated as genes encoding squalene synthase and squalene epoxidase, respectively ( Table 2 ). The OSCs are enzyme families that catalyze the conversion of 2,3-oxidosqualene into a diverse array of sterols and triterpene skeletons. b-Amyrin synthase is known as a key enzyme of oleanane-type saponin biosynthesis in K. septemlobus, as shown in Fig. 1 . The transcriptomic analysis of K. septemlobus revealed three unique sequences with 50 reads clustered as b-amyrin synthase ( Table 2; Supplementary Table S2) . Among these three unique sequences, one contig (EPT001TT0601C001086) with 38 reads showed 94% similarity to Panax ginseng PNY1 (b-amyrin synthase), and two other contigs (EPT001TT0601C006832 and EPT001TT0601C008873) showed 90% and 92% similarity with P. ginseng PNY2 (b-amyrin synthase), respectively (Supplementary Table S2 ). The EPT001TT0601C001086 sequence was constituted with a 1,716 bp fragment, and the N-and C-terminal regions of this fragment were successfully obtained from BLAST analysis of singleton sequence data in the K. septemlobus transcriptome. The open reading frame (ORF) region was finally confirmed after sequencing of the PCR product of K. septemlobus cDNA.
Characterization of the KsBAS1 gene encoding b-amyrin synthase An OSC sequence, KsBAS (GenBank accession No. KT150523), obtained from K. septemlobus cDNA has a 2,292 bp ORF. The deduced amino acid sequence of KsBAS (763 amino acids with a 87.37 kDa molecular mass) is 93% identical to that of PgPNY1 and 84% identical to that of PgPNY2 in P. ginseng, respectively. Phylogenetic analysis revealed that KsBAS is closely related to a P. ginseng b-amyrin synthase (PgPNY1), and both enzymes belong to the same Araliaceae family (Fig. 2) .
The KsBAS gene was expressed in yeast which lacks a functional lanosterol synthase gene (Karst and Lacroute 1977) . Gas chromatography-mass spectrometry (GC-MS) analysis in transformed yeast revealed a new peak at a retention time of 35.7 min (Fig. 3A) which is the same retention time as that of the b-amyrin standard (Fig. 3B) . There was no this signal in control yeast harboring an empty vector (Fig. 3C) . The fragmentation pattern of the new peak was identical to that of authentic b-amyrin (Fig. 3D ).
Assembly and selection of CYP genes in K. septemlobus transcriptome data
In the transcripome of K. septemlobus, 95 contigs and 110 singletons were annotated as CYP genes. These contigs were classified into 30 CYP families (Supplementary Table S3 ). Because saponins are abundant in K. septemlobus (>2% in dry weight) (Lee et al. 2000) , we presumed that the CYP genes encoding sapogenin synthase are abundantly transcribed in this plant. Depending on the abundance of contigs and read numbers in the K. septemlobus CYP family (>5 different contigs in a family), the six selected CYP families were ranked as follows:
Among these CYP sequences, we selected eight CYP sequences for further analysis, namely, CYP71D444, CYP72A397, CYP72A398, CYP82H28, CYP716A93, CYP716A94, CYP736A164 and CYP749A48 according to the nomenclature of Professor David Nelson.
To date, several CYP families were previously characterized as enzymes involved in triterpenoid biosynthesis (Thimmappa et al. 2014 , Seki et al. 2015 . The two CYP72 and CYP716 family genes are the major groups for the diversification of oleanane-type triterpenes (Thimmappa et al. 2014 , Seki et al. 2015 . In the K. septemlobus transcriptome, eight contigs were members of the CYP716 family. Among these contigs, seven showed close similarity to P. ginseng CYP716A52v2, which is gene encoding the bamyrin 28-oxidase enzyme involved in the production of Table S3 ). A sequence named CYP716A94 with an ORF was selected from a contig (EPT001TT0601C006143) with the highest similarity to P. ginseng CYP716A52v2. The other remaining contig (EPT001TT0601C001529) showed 79% identity with P. ginseng CYP716A47 (dammarenediol 12-hydroxylase gene), whose ORF sequence was named CYP716A93 (Supplementary Table S3 ). The CYP72 family sequences in the K. septemlobus transcriptome were categorized into six contigs (Supplementary Table S3 ). CYP72A397 selected from a contig (EPT001TT0601C000827) showed 65% identity with an uncharacterized M. truncatula CYP72A59v2 and 53% identity with M. truncatula CYP72A68v2 (Supplementary Table S3 ). CYP72A398 selected from a contig (EPT001TT0601C001390) had high identity (92%) with CYP72A129 in P. ginseng, whose function is also unknown (Supplementary Table S3 ).
Expression levels and phylogenetic analysis of selected CYP genes. The expression levels of the seven CYP genes including an OSC gene (KsBAS) in different parts of the plant (leaf, stem and root) revealed two CYP mRNAs (CYP72A397 and CYP716A94) that showed a similar pattern of mRNA accumulation to that of KsBAS (Fig. 4) . The mRNAs of the other two CYP genes (CYP72A398 and CYP749A48) were expressed at exceptionally high levels in roots compared with KsBAS. Therefore, the two genes (CYP72A397 and CYP716A94) were selected as the best candidates for participation in sapogenin aglycone biosynthesis in K. septemlobus. Phylogenetic analysis revealed that CYP716A94 belongs to the CYP716A subfamily and shows the closest relationship to Eleutherococcus senticosus CYP716A244 and P. ginseng CYP716A52v2 which are b-amyrin 28-monooxygenase-encoding genes (Han et al. 2013 , Jo et al. 2017 (Fig. 5) . CYP72A397 is closely related to M. truncatula CYP72A67 catalyzing the formation of 2b-hydroxy oleanolic acid from oleanolic acid (Biazzi et al. 2015) , and M. truncatula CYP72A68v2 oxidizing oleanolic acid at the C-23 position (Fukushima et al., 2013) (Fig. 5) .
Characterization of -amyrin 28-oxidase (CYP716A94). The ORF of the CYP716A94 sequence (GenBank accession No. KT150521) was 1,575 bp, encoding a 481 amino acid protein with a mol. wt. of 54.01 kDa. To examine the activity of the gene functionally, CYP716A94 was expressed in WAT21 yeast with Arabidopsis thaliana NADPH-CYP reductase (Urban et al. 1997) . The total ion chromatogram (TIC) from liquid chromatograph mass spectrometer-ion trap/time-of-flight mass spectrometry (LCMS-IT-TOF-MS) analysis showed that engineered yeast produced a new peak (Fig. 6A) at the retention time of 16.8 min after feeding b-amyrin, which was consistent with that of the oleanolic acid standard (Fig. 6C) . This signal was not detected in control yeast cells harboring an empty vector (Fig. 6B) . The MS fragmentation patterns (Fig. 6D ) of the oleanolic acid signal produced in yeast expressing4 CYP716A94 were also identical to those (Fig. 6E) of the respective standard. Single ion mode (SIM) chromatography of the yeast extracts expressing CYP716A94 revealed that the three peaks ( Fig. 6F ) detected precisely matched those (Fig. 6G ) of the authentic oleanolic acid, erythrodiol and b-amyrin standards. However, SIM chromatography of the yeast extracts harboring an empty vector resulted in only a b-amyrin peak (Fig. 6H) .
Characterization of oleanolic acid C-23 hydroxylase (CYP72A397) catalyzing hederagenin production. A fulllength cDNA clone of CYP72A397 (GenBank accession No. KT150517) with a 1,563 ORF encoding a 520 amino acid protein with a predicted mol. wt. of 59.4 kDa was heterologously expressed in WAT21 yeast. The TIC of yeast extracts after feeding oleanolic acid by LCMS-IT-TOF-MS analysis revealed that CYP72A397 expression in yeast resulted in the production of a new peak (Fig. 7A) at the retention time of 91.7 min, which was the same retention time as that for the hederagenin standard (Fig. 7B) . The hederagenin signal was not detected in the control yeast harboring the empty vector, which only produced a peak for fed oleanolic acid at 109.5 min (Fig. 7C) . Standard gypsogenin signal was detected at the retention time of 70.8 min (Fig. 7B) , and this signal was not detected in transgenic yeast at all (Fig. 7A) . -, a precursor ion of hederagenin, were identical to those for authentic hederagenin (Fig. 7D-G) . The MS fragmentation pattern of gypsogenin included the m/z ratio of 469.3331 [M-H] -. The MS 1 spectrum of gypsogenin standard (Fig. 7H) was not detected in transgenic yeast. The molecular weight of gypsogenic acid is 486.69 kDa and its standard is not commercially available. Thus, we screened the gypsogenic acid signal using SIM mode to detect the m/z ratio of 485.69 [M-H] -at all retention times, but did not detect any peak having a signal for the m/z ratio of 485.69 [M-H] -in transgenic yeast extracts (data not shown).
To verify the oxidation activity of the CYP72A397 enzyme in vitro, microsomal fractions from WAT21 yeast expressing CYP72A397 were incubated with oleanolic acid in the presence of NADPH for 2 h at 30 C. The LC-IT-TOF-MS analysis of the reaction mixture revealed that CYP72A397 converted oleanolic acid (retention time of 109.5 min) into a new product (retention time of 91.7 min) (Fig. 7I, line c) , which had same retention time as the hederagenin and oleanolic acid standards (Fig. 7I,  lines d, e) . Other gypsogenin signals were not detected in the Fig. 5 Phylogenetic tree of the deduced amino acid sequences of CYP716A94, CYP72A397 and other plant CYPs. The tree was constructed by the Neighbor-Joining method using the Mega 5 program. A bootstrap of 1,000 replications was used to estimate the strength of nodes in the tree. reaction mixture (data not shown). No product was observed in the boiled enzyme preparations of yeast expressing CYP72A397 or empty vector, except for treated oleanolic acid (Fig. 7I, line a,  b) . The MS 1 and MS 2 spectra of the hederagenin signal in reacted yeast enzyme (Fig. 7J) were also identical to those for authentic hederagenin (Fig. 7K) .
Co-expression of KsBAS, CYP716A94 and CYP72A397 in yeast. Two genes (KsBAS and CYP716A94) or three genes (KsBAS, CYP716A94 and CYP72A397) were co-expressed in WAT21 yeast. Yeast extracts were analyzed using LCMS-IT-TOF-MS. In the extracts of yeast harboring KsBAS + CYP716A94 genes, oleanolic acid and b-amyrin were produced at the retention times of 109.5 and 114.8 min, respectively (Fig. 8A) . In yeast harboring KsBAS, CYP716A94 and CYP72A397, hederagenin, oleanolic acid and b-amyrin were detected at the retention times of 91.7, 109.5 and 114.8 min, respectively (Fig. 8B) . These three products in engineered yeast were identical to the authentic standards (Fig. 8C ).
Discussion
To discover the genes involved in saponin biosynthesis in K. septemlobus plants, we carried out transcriptomic analysis of K. septemlobus. We identified all gene sequences of the mevalonate pathway from acetyl-CoA to squalene synthase in the K. septemlobus transcriptome after sequence analysis using the BLASTN and BLASTX algorithms. b-Amyrin synthase confers the cyclization of 2,3-oxidosqualene on b-amyrin which is a key enzyme for the biosynthesis of oleanane-type saponins. In the transcriptomic analysis of K. septemlobus, we obtained a candidate b-amyrin synthase from four putative contigs with 50 reads, and determined that one of the OSC genes, KsBAS, is a b-amyrin synthase by heterologous expression in yeast. Most of the saponins of K. septemlobus contain oleanolic acid and hederagenin aglycone (Hyun and Kim 2009) . CYPs catalyze most of the oxidation reactions in plant metabolism, including hydroxylation, epoxidation, dealkylation, dehydration, isomerization and carbon-carbon bond cleavage (Kahn and Durst 2000) . The plant genome contains several hundred CYPs. The Arabidopsis genome contains 246 functional genes, while the rice genome contains 356 true CYP genes (Nelson et al. 2004 ). The transcriptome analysis of K. septemlobus revealed a total of 95 contigs and 110 singletons annotated as CYPs. The most abundant CYP sequences in the transcriptome of K. septemlobus plants were CYP82 family genes. Several CYP82 family members respond to wounding or other stresses in plants (Frank et al. 1996 , Takemoto et al. 1999 , and modulate the octadecanoid pathway to affect systemic cell death (Sun et al. 2014) . However, the involvement of CYP82 family enzymes in saponin biosynthesis has not yet been reported.
Oleanolic acid and hederagenin synthase play key roles in saponin biosynthesis in K. septemlobus. CYP716 comprises the major enzyme family involved in triterpene sapogenin biosynthesis in many plants (references cited in Thimmappa et al. 2014 , Seki et al. 2015 , Miettinen et al. 2017 . The oxidation of b-amyrin by several CYP716A subfamily enzymes reportedly produces oleanolic acid, as seen Fig. 5 (Carelli et al. 2011 , Fukushima et al. 2011 , Han et al. 2013 , Khakimov et al. 2015 , Moses et al. 2015a , Fiallos-Jurado et al. 2016 , Jo et al. 2017 , Miettinen et al. 2017 . Some other CYP716A subfamily enzymes have recently been found to catalyze other triterpenoid oxidation reactions in plant species from different families, such as an an unknown hydroxylation of tirucalla-7,24-dien-3b-ol by A. thaliana CYP716A1 (Yasumoto et al. 2016 ), C-22a hydroxylation of a-amyrin by A. thaliana CYP716A2 (Yasumoto et al. 2016 ) and C-3 oxidation of b-amyrin, a-amyrin and lupeol by Artemisia annua CYP716A14v2 (Moses et al. 2015b ). Other CYP716 subfamily enzymes were reported to be involved in the C-12 oxidation of dammarenediol-II by P. ginseng CYP716S1 (renamed from CYP716A47) (Han et al. 2011 ), C-6 oxidation of protopanaxadiol by P. ginseng CYP716U1 (renamed from CYP71653v2) (Han et al. 2012 ) and C-16a hydroxylation of a-amyrin and b-amyrin in Bupleurum falcatum (Moses et al. 2014b ). The DNA sequence of CYP716A94 in K. septemlobus showed 92% and 95% identity with P. ginseng CYP716A52v2 and M. truncatula CYP716A12, respectively. Thus we assumed that the CYP716A family was the best candidate gene for oleanolic acid synthase in K. septemlobus. We confirmed that CYP716A94 in K. septemlobus is a b-amyrin 28-oxidase catalyzing the production of oleanolic acid from b-amyrin by heterologous expression in yeast. It was reported that oleanolic acid production from b-amyrin occurs via a sequential three-step oxidation reaction at the C-28 position through erythrodiol (Fukushima et al. 2011) . Erythrodiol production in yeast expressing CYP716A94 was confirmed by SIM mode analysis.
CYP72A subfamily genes are involved in several types of sapogenin biosynthesis reactions in plants. Medicago truncatula CYP72A63 and Glycyrrhiza uralensis CYP72A154 have been implicated in modifications at the C-30 of b-amyrin . Medicago truncatula CYP72A61v2 transforms 24-OH-bamyrin into soyasapogenol B in transgenic yeast (Fukushima et al. 2013) . CYP72A67 is responsible for hydroxylation at the C-2 position of oleanolic acid and hederagenin (Biazzi et al. 2015) . Medicago truncatula CYP72A68v2 catalyzes the conversion of oleanolic acid to gypsogenic acid by synthesizing hederagenin as an intermediate (Fukushima et al. 2013) . Biazzi et al. (2015) proposed that the biosynthesis of hederagenin by CYP72A68v2 could be the result of the residual hydroxylation activity of the enzyme on the oleanolic acid substrate.
We isolated a CYP72A397 sequence from the K. septemlobus transcriptome. The deduced amino acid sequences of CYP72A397 showed 53% identity to M. truncatula CYP72A68v2. In vivo and in vitro functional analyses of K. septemlobus CYP72A397 by heterologous expression of this gene in yeast revealed that K. septemlobus CYP72A397 is an oleanolic acid 23-oxidase that catalyzes the oxidation of oleanolic acid into hederagenin as a single product. Gypsogenin signal was not detected in transgenic yeast. Unlike CYP72A68v2, K. septemlobus CYP72A397 produced hederagenin as a single compound. In K. septemlobus, gypsogenic acid and its derivative saponins are not present. Therefore, K. septemlobus CYP72A397 may be a novel CYP enzyme that synthesizes hederagenin from oleanolic acid as a single product, which plays a key role in the biosynthesis of hederagenin saponins in K. septemlobus. Kalopanax septemlobus CYP72A397 is the first non-legume CYP72A subfamily involved in triterpenoid biosynthesis.
In conclusion, the characterization of three genes (KsBAS, CYP716A94 and CYP72A397) may give rise to new potential approaches for genetic engineering to enhance and/or improve large-scale production of bioactive hederagenin sapogenin compounds via engineered yeast and plant systems.
Materials and Methods
RNA extraction, cDNA preparation and sequencing from plant materials Young K. septemlobus plants used in this study were provided by Dr. H.K. Moon at the Korea Forest Research Institute in Suwon 44-350. To confirm the effect of elicitor treatments for selected CYP genes, leaves of young plant were treated with 0, 5, 10 and 20 mM methyl jasmonate (MeJA) for 24 h. Control leaves were exposed to 0.25% ethanol. All samples were frozen in liquid nitrogen and stored at -80 C until processing. RNA extraction, cDNA preparation and sequencing of K. septemlobus were conducted as described previously (Hwang et al. 2015) .
De novo assembly mRNA sequencing data were obtained by using the 454 Genome Sequencer FLX System that produced a standard flowgram file (.sff) containing all the sequence data of the reads. The raw data were filtered using a quality cut-off value of 40. Adaptor sequences and primers incorporated during cDNA synthesis and normalization were removed before contig assembly. Small sequences of <50 bp were also discarded. The contigs were assembled using the GS De Novo Assembler software (454 Life Sciences Corp.). Criteria of assembly parameters were a minimum overlap length of 40 bp among the reads and a minimum overlap identity of 95%.
In total, 17,747 contigs and 64,951 singletons were generated from a total of 547,800 reads, which were functionally annotated by BLASTN and BLASTX alignment using non-redundant nucleotide (Nt) and non-redundant protein (Nr) database programs (www.ncbi.nlm.nih.gov). Putative sequences encoding proteins were compared with KEGG (http://www.genome.jp/kegg/) and UniProt (http://www.expasy.ch/sprot) databases with a cut-off value of 10 -5 .
Phylogenetic analysis
Phylogenetic analysis was performed with the MEGA 5.0 software program (Tamura et al. 2011 ) with amino acid sequences of the KsBAS1 and CYP (Thompson et al. 1994 ) was used for multiple sequence alignments. The Neighbor-Joining method with a bootstrap of 1,000 replications was applied to measure the strength of node in the tree (Felsenstein 1985 , Tamura et al. 2011 ).
Heterologous expression of KsBAS, CYP716A94 and CYP72A397 in yeast A PCR product (25 cycles with 40 s at 94 C, 40 s at 50 C and 2 min at 72 C) of KsBAS1 using Pfu DNA polymerase (Stratagene) was cloned into pYES2.1 with the TOPO TA expression kit (invitrogen). Two primers, 5'-ATG TGG AAG TCG AAG ATA GCG GAA GG-3' and 5'-CTA ATT AGG CGC CTA GGG ACG GTA ATG-3', were used to isolate the cDNA. The PCR product was transformed to Escherichia. coli after ligation with pYES2.1/V5-His-TOPO vector, and nucleotides were reconfirmed through sequencing. The recombinant pYES2.1/V5-His-TOPO vector was transferred to erg7 mutant (MATa erg7 ura3-1 trp1-1) yeast by the electroporation method. The culture condition, methods for induction with galactose and preparation of the triterpene monoalcohol fraction were described previously (Han et al. 2006) . Cells were extracted by ethyl acetate with sonication prior to GC-MS analysis.
To construct yeast expression plasmid vectors for CYP716A94, the ORFs from CYP716A94 were amplified from cDNA using PCR (25 cycles at 94 C for 40 s, 55 C for 40 s and 72 C for 2 min) with Pfu DNA polymerase (Stratagene) and cloned into pYES2.1 using the TOPO TA Expression Kit (Invitrogen). The primer pairs used to isolate the cDNAs were 5'-ATG GAT GGA GTG GTA GTC AC-3' and 5'-TTA AAG CTT GTG CAA AAT CAA G-3' for CYP72A397. The PCR products were cloned into the pYES2.1/V5-His-TOPO vector and transformed into E. coli. The ORFs were subsequently ligated to the GAL1 promoter in the sense orientation. The nucleotide sequence of the inserted DNA was confirmed by sequencing. The plasmid vector was expressed in the Saccharomyces cerevisiae strain WAT21, which carries A. thaliana NADPH-CYP reductase (Urban et al. 1997) .
The protocol described above was used to construct the yeast expression vector for CYP72A397. The primer pairs used to isolate the CYP72A397 cDNA were 5'-ATG GAT GGA GTG GTA GTC AC-3' and 5'-TTA AAG CTT GTG CAA AAT CAA G-3'. For the in vitro activity of CYP72A397, the microsomal fractions from WAT21 yeast cells expressing CYP72A397 were collected by ultracentrifugation at 100,000Âg for 60 min. The enzymatic activity of CYP72A397 was tested in a total volume of 500 ml of 100 mM potassium phosphate buffer (pH 7.4) containing 1 mM NADPH, 20 mg of substrate (b-amyrin) and 1 mg of microsomal fraction protein. The reaction mixture was incubated for 2 h at 30 C, and the reaction was extracted twice with the same volume of hexane.
For the co-expression analysis of three genes (KsBAS, CYP716A94 and CYP72A397) in yeast, the ORF of KsBAS was amplified by PCR using a primer set with restriction enzyme sites at the 5' end (NotI, 5'-GCGGCCGC ATG TGG AAG CTG AAG ATA GCC GAA GG-3'; and SacI, 5'-GAGCTC TTA GGC GCC TAG GGA CGG TAA TGG-3'), cloned into the pGEM-T Easy vector (Promega) and sequenced. The ORF products were excised after digesting with NotI and SacI (TAKARA) and inserted into the pESC-URA vector (Agilent Stratagene). The ORF region of the CYP716A94 gene was subcloned into the pGEM-T Easy vector as an XhoI-KpnI fragment using the primer pairs XhoI, 5'-CTCGAG ATG CAA CTC TTC TAT GTC CCT C-3'; and KpnI, 5'-GGTACC TTA GGC TTT GTG AGG AAA TAG GCG-3'. The plasmid DNAs were digested with XhoI and KpnI, and ligated into the respective sites of the pESC-URA vector harboring the KsBAS gene. The CYP72A397 gene was inserted in the pYES3/CT vector having an auxotrophic TRP1 marker. The two resulting plasmids (pESCKsBAS + CYP716A94-URA) and pYES3/CT-CYP72A397 were co-transformed into yeast strain WAT21, carrying A. thaliana NADPH-CYP reductase (Urban et al. 1997) , using the same method as described above. The yeast culture conditions, galactose induction and triterpene monoalcohol fraction preparation were conducted as described previously (Han et al. 2013 ).
qPCR analysis mRNAs of control and MeJA-treated leaves were isolated and reverse transcribed by the ImProm-II Reverse Transcription System (Promega). qPCR was carried out using the Qiagen Rotor Gene Q Real-time PCR detector system with the SYBR Green PCR Kit (Qiagen). The conditions of two-step real-time PCR were 95 C for 5 min, followed by 40 cycles at 95 C for 5 s and 60 C for 10 s. The relative expression value of the selected genes was estimated using the -ÁÁ CT method (Livak and Schmittgen 2001) . The b-actin gene of K. septemlobus was used as a housekeeping gene, and all qPCR data were presented as the average relative quantities ± SE from at least three replicates. The primers designed for this study are listed in Supplementary Table S4 .
GC-MS analysis
Engineered yeast cells (1 g) harboring vector with and without KsBAS were extracted after sonication with 20% KOH containing 50% ethanol (15 ml) for 10 min. The supernatant was collected after centrifugation. After evaporation, the residue was dissolved in 100% methanol and subsequently filtered using a SepPak C-18 Cartridge (Waters). A 10 ml aliquot was injected in a gas chromatograph (Agilent 7890A) equipped with an HP-5MS capillary column (30 mÂ0.25 mm, film thickness 0.25 mm) and an MSD system (Agilent 5975C) linked to the Triple-Axis detector. The injection and interface temperature, the column temperature program and electron impact value were set according to the method of Han et al. (2013) . The peaks were identified by matching retention times and fragmentation of mass spectra with authentic standards. b-Amyrin standard for GC-MS analysis was purchased from SigmaAldrich Co.
LCMS-IT-TOF-MS analysis of the transformed yeast
Engineered yeast cells (1 g) with CYP716A94 or CYP72A397 were extracted after sonication with 20% KOH containing 50% ethanol (15 ml) for 10 min. The supernatant was collected after centrifugation. After evaporation, the residue was dissolved in 100% methanol, and subsequently filtered using a SepPak C-18 Cartridge (Waters). LC analyses were conducted on a Shimadzu HPLC system (Kyoto). An LCMS-IT-TOF-MS (Shimadzu) was equipped with an APCI source in positive and negative ion modes.
A binary gradient elution for b-amyrin, oleanolic acid and erythrodiol was performed: initial 35% B for 5.0 min, 35-55% B from 5 min to 15 min, 55-70% B from 15 min to 20 min, 70-90% B from 20 min to 22 min, 90-100% B from 22 min to 25 min, 100-75% B from 25 min to 28 min, 75-25% B from 28 min to 40 min, returned to initial 25% B, and maintained until 40 min for column balance. The mobile phase (delivered at 0.5 ml min C. Hederagenin, oleanolic acid, erythrodiol and b-amyrin standards were purchased from Sigma-Aldrich Co. Gypsogenin standard was purchased from Carbosynth Ltd.
Supplementary data
Supplementary data are available at PCP online. 
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